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1. Background

1.1. China’s Oil Industry

In the half-century since the establishment of the People’s Republic, China has become
the fifth largest oil producer in the world. The discovery of numerous large oil fields in
succession during the 1960s and 1970s gave rise to expectations in China that reserves,
and output, might one day rival those of the Middle East. As a result, oil quickly became
a preferred and inexpensive boiler fuel for industry, supplementing or replacing coal in
areas where local coal resources were lacking. By 1980, China directly burned five out of
every 10 barrels of oil produced.

Contrary to earlier expectations of continued rapid growth in production, in the early
1980s China’s oil output peaked and declined for a period while the industry reconsoli-
dated and adopted new production plans consistent with the economic reform program
begun in 1979. As the economy began to grow rapidly in the 1980s, the slowdown in oil
production growth led to increasing calls to reassess of the use of China’s oil resources.
Until 1986, the government had limited domestic supply of oil products in favor of crude
oil exports, earning as a result substantial foreign exchange income during a period of
high prices following the 1979 Iranian Revolution. The collapse of oil prices in 1986, the
year after China briefly held the title of largest oil exporter in Asia, accelerated this reas-
sessment. With growing new demand for transport fuels and petrochemical feedstocks, it
was felt that the export of this resource at low post-1986 prices could no longer be sus-
tained. At the same time, the widespread direct burning of both crude and fuel oil was
viewed as wasteful compared to the higher value-added applications in transport and pet-
rochemicals.

This shift in development strategy had a direct and major impact on the refining sector.
For years largely oriented to production of heavy fuel oil, 0-degree pour-point diesel and
low octane gasoline, refineries now had to respond both to higher demand and to demand
for new types and qualities of products. A new jet fleet required high-quality jet kero-
sene; new automobiles required higher-octane gasoline; expanded ethylene production
required larger volumes of naphtha, while environmental concerns argued for the phase-
out of lead in gasoline and reductions in sulfur content.

Growth in demand, however, was not matched by growth in domestic crude oil produc-
tion. China began limited crude oil imports in 1988, favoring low-sulfur heavy waxy cru-
des from Indonesia and elsewhere similar to its domestic grades that were suited to
China’s existing refinery configuration. As demand continued to grow, China itself be-
came a net oil importer in 1993 and a net crude oil importer in 1996. This dramatic shift
in external dependency presented China with yet another challenge: as import demand
continued to soar, and the import bill for low-sulfur crudes mounted, China needed to de-
velop domestic capacity to process the cheaper higher-sulfur crudes of greater interna-
tional availability. Acknowledging that its domestic oil industry is no longer capable of
self-sufficiency, China has moved to modernize its refineries, expand domestic produc-



tion of oil products, increase quality, and integrate its oil sector more extensively with the
international industry.

1.1.1. Refinery Capacity and Production

At about 270 million tonnes of capacity, China’s refining system is now the world’s third
largest after the United States and Russia. Developed initially in the late 1950s with So-
viet assistance, it evolved largely on indigenous efforts after the Sino-Soviet split and
China’s subsequent self-imposed isolation. The technical foundation of the industry was
adapted to handle the quality of Chinese crude, most of which is heavy, low-sulfur and
waxy, and to the need to provide substantial quantities of fuel oil to industry. At the time,
higher-value products, such as gasoline, diesel, and jet kerosene, were secondary in the
output slate, and little upgrading was available to increase production of these fuels.
Moreover, the quality of the transport fuels was low: the specification for gasoline octane
was 66 (MON [Motor Octane Number]), and the cetane of diesel 35. In comparison, most
international gasolines have MON ratings in the 80s, and most automotive diesels have
cetane numbers in the 40s or above.

With the initiation of economic reform after 1979, China undertook widespread reform in
the oil industry, consolidating crude oil production under the China National Petroleum
Corporation (CNPC), refining under the China National Petrochemical Corporation
(Sinopec), and offshore exploration and production under the China National Offshore
Oil Corporation (CNOOC). Production at oil fields was rationalized and some fields
closed; in 1981, crude oil production fell for the first time since the disruptions of the
Cultural Revolution in 1967. A national output quota of 100 million tonnes (2 million
barrels/day) was established and multiple-tiered pricing implemented. At the same time,
the government consolidated the growing refining sector, which heretofore had been ad-
ministered by numerous government ministries based upon the ultimate use of the oil
products; in addition to the Ministry of Petroleum, the Ministry of Textiles, Ministry of
Agriculture, and Ministry of Chemical Industries, among others, all operated refineries
geared to their own sectors. The establishment of the China Petrochemical Corporation in
1982 consolidated the majority of China’s major refining assets into one company, which
henceforth would be responsible for optimizing production plans and supplying both oil
products and oil-based petrochemicals to the entire economy. The government placed
higher value on its oil resources, and invested heavily into a program of substituting coal
for oil in industrial uses. Sinopec invested in technologies—primarily fluid catalytic
cracking—to support the upgrading of a greater percentage of the crude input to transport
fuels. Between 1980 and 1990, the volume of refinery processing went up by 43%,
whereas production of gasoline increased nearly 100%, while fuel oil output remained
flat. Diesel fuel production rose 38% over this period, hampered by the rapid increase in
demand for feedstocks for petrochemical production. In China, ethylene crackers were
traditionally designed to run gasoil, and output of such feedstocks rose 170% between
1980 and 1990. Ethylene is the essential “building block™ for many basic petrochemicals.

China’s oil industry entered a new era in the 1990s as accelerating domestic demand for
oil eroded the exportable surpluses of the 1980s. By 1993, China had become a net oil
importer. The refining capacity shortages of the 1980s, however, disappeared, as a sus-



tained building program of the late 1980s and early 1990s raised capacity by over 50%
and added a substantial volume of secondary upgrading capacity. By 1999, total nominal
distillation capacity' had reached 276 million tonnes (Table 1). The refining system had
also become fairly sophisticated in terms of the variety and volume of equipment—such
as catalytic cracking, hydrocracking, and coking—for use in upgrading heavier oil frac-
tions to more valuable lighter fractions. Seen from a simple ratio of total cracking capac-
ity to distillation capacity, China in 1999 ranked second only to the US in terms of refin-
ery sophistication, and it greatly outpaced Japan. The cracking-to-distillation ratio for
China in 1999 reached 49% compared to 55% in the US, and only 21% in Japan. This
ratio, however, does not address the issue of product quality; in both the US and Japan,
where product quality specifications are strict, hydrotreating and hydrofining capacity—
used to reduce impurities such as sulfur and improve product quality—greatly exceeds
that in China. In 1999, the ratio of hydrotreating and hydrofining capacity to distillation
in the US was 65%, 86% in Japan, but just 12% in China.’

Table 1. Refining Capacity in China, 1999

Capacity
(million tonnes)

Atmospheric/Vacuum Distillation 276.0
Cracking Units

Fluid Catalytic Cracking (including resid, deep) 92.6

Hydrocracking 12.9

Coking 20.6

Thermal/Visbreaker 8.7
Total Cracking Capacity 134.9

Source: Sinopec

During the 1990s, China experienced a significant improvement in yield patterns, with
the production of light products such as gasoline, kerosene, diesel, and petrochemical
feedstocks rising significantly as a proportion of the total. In 1990, the output of these
four products totaled 54% of throughput in that year; by 1999, the yield of these products
rose to 68%. The most dramatic increase over this period has been in the yield of diesel
fuel, which rose from 24% of throughput in 1990 to 34% in 1999. The expansion of cata-
lytic cracking in particular (including residual catalytic cracking and deep catalytic crack-
ing) allowed an increasing proportion of heavy feedstocks to be upgraded to lighter frac-
tions. Given the more rapid growth in diesel demand compared to gasoline, refiners sig-
nificantly expanded the pool of diesel blendstock materials by favoring operating modes
of catalytic crackers maximizing diesel blendstock production.

The decline in fuel oil output mirrored the increases in production of light products. In
1990, fuel oil production (including refinery use) totaled 32.2 million tonnes, a 30% yield

! Traditionally, atmospheric distillation capacity and vacuum distillation capacity figures are not separated
in Chinese statistics as is the norm internationally.

2 China statistics from Sinopec; international statistics from the Oil & Gas Journal, “Worldwide Refinery
Capacities”, December 1999.



on throughput. By 1999, production has dropped to 19.6 million tonnes, or 11% of total
throughput. While fuel oil output dropped on average by 5.5% a year over this period,
diesel production rose by 10.6% and gasoline by 6.5%. Kerosene output jumped as well,
but more dramatic was the shift in composition and use. Lamp kerosene, which ac-
counted for about 75% of kerosene production in the 1980s, fell to only 25% as produc-
tion of jet kerosene rose to match the rapid expansion of China’s domestic and interna-
tional air routes (Table 2).

Table 2. Output and Yields of Petroleum Products in China

(million tonnes)

1990 1995 1996 1997 1998 1999
Throughput 107,235 135,011 142,318 153,727 152,392 183,566
Gasoline 21,161 28,408 30,532 32,548 31,977 37,413
Kerosene 3,848 5,280 5,126 5,548 5,750 7,195
Diesel 25,374 36,843 41,087 45,940 45,445 63,027
Fuel Oil 32,173 27,202 23,107 20,795 18,338 19,594
Petrochemical 7,847 11,854 13,333 14,995 16,558 16,463
Feedstock
Yields
Gasoline 20% 21% 21% 21% 21% 20%
Kerosene 4% 4% 4% 4% 4% 4%
Diesel 24% 27% 29% 30% 30% 34%
Fuel Oil 30% 20% 16% 14% 12% 11%
Petrochemical 7% 9% 9% 10% 11% 9%
Feedstock
Yield of Light 54% 61% 63% 64% 65% 68%
Products:

Source: Sinopec Annual, 1994, 2000

1.1.2. Pricing

For much of modern China’s history, the government has directly controlled the price of
crude oil and petroleum products. Until price reforms proceeded in earnest in the early
1990s, oil prices were generally below international prices in order to restrain input costs
to industry, which consumed the majority of oil products. Severe financial losses at
CNPC in the late 1980s and early 1990s and a growing volume of imported oil led the
government to reform the pricing mechanism in 1994, substantially boosting crude and
product prices. This reform returned CNPC to profitability, but in order to maintain prof-
itability at Sinopec in the face of higher crude input prices, the margin between retail and
refinery gate prices was narrowed to allow higher ex-refinery prices without passing the
full increase on to consumers.

The price reform of 1994, however, maintained fixed prices—albeit higher—under gov-
ernment control, depriving producers and refiners of price signals from the market. One



consequence of the distortion was a massive rise in “unofficial imports”, particularly of
diesel fuel, during 1997 and 1998 when international prices fell substantially below Chi-
nese domestic prices. In response, the government enacted further reform, for the first
time tying domestic crude oil and product prices to international markets. Under this
scheme, domestic product prices were adjusted retroactively according to the average
FOB price in Singapore the previous month. Additionally, Sinopec and CNPC (later Pet-
roChina) were given authority to adjust the retail price within a 10% band in their mar-
keting areas. In August 2001, the link between domestic product prices and Singapore
FOB prices was extended, but the adjustment band was abolished. Sinopec, however,
concerned about the impact of volatile Singapore FOB prices on the Chinese market, sub-
sequently investigated an alternative mechanisms referencing prices in other world mar-
kets such as New York and Rotterdam. This reform of the pricing mechanism for prod-
ucts was introduced in late 2001. Crude prices, however, now are freely set by the mar-
ket, and for the most part are internationally priced. As shown in Figure 1, the prices of
all energy products have risen considerably since 1994 and currently are at international
levels or above.

Figure 1. Price Indices of Energy Products in China, 1980-1999

500 -
oir -~ -,
Ve
4007 *  Electricity
/ IR
S 300 -
S new price reforms enacted L
& / /
S 200 - )
' Industrial
009 e iiiica Average
0 I I I I I I I

1980 1985 1990 1995

Source: China Statistical Yearbook, various years

1.1.3. Trade

In the 17 years since 1985, when China became Asia’s largest oil exporter, surpassing
Indonesia, it has since become Asia’s second largest oil importer. Oil import policy has
shifted dramatically over the years, and promises to see substantial further liberalization
when agreed WTO reforms are enacted over the next three to five years. The entire pe-



riod, however, has been characterized by the maintenance of state control over the vol-
ume and type of oil imports. State control is implemented through quota and licensing
arrangements issued by the State Development Planning Commission and carried out for

the most part by China’s national oil trading firms, Unipec, China Oil, and Sinochem.

Table 3 indicates the trends of Chinese oil exports and imports since 1990. In 1990,

China remained a major exporter, with total oil exports nearly five times higher than total

imports. In 2000, the situation had reversed nearly completely, with imports over four

times higher than total exports.
Table 3. China Oil Trade

(thousand tonnes)
Product Exports by Product

Other Total Total
LPG Mogas Naphtha Kerosene Diesel Fuel Oil  Prods* Products Crude Oil
1990 1,789.1 549.4 438.1 1,601.4 576.5 455.2 5,409.7 23,986 29,395.9
1991 2,112.3 387.8 320.5 1,209.7 475.4 499.3 5,005.0 22,598 27,603.4
1992 2,697.6 325.6 179.6 1,479.3 631.1 653.6 5,966.8 21,507 27,474.0
1993 1,845.5 68.8 74.7 1,289.4 323.5 945.7 4,547.6 19,435 23,982.1
1994 13.8 2,100.9 43.1 106.9 1,215.8 155.2 974.2 4,609.9 18,491 23,100.8
1995 72.9 1,855.3 12.4 374.4 1,306.3 2779 1,238.2 5,137.4 18,844 23,981.7
1996 340.3 1,314.0 4.5 659.2 1,567.6 279.0 1,159.1 5,323.7 20,329 25,653.0
1997 399.0 1,7824 49.8 723.0 2,321.3 3843  1,463.7 7,123.5 19,829 26,952.4
1998 508.5 1,820.0 0.0 891.9 985.2 4099 1,981.5 6,597.0 15,601 22,197.7
1999 75.9 4,138.3 98.4 1,249.6 604.7 209.5 1,905.4 8,281.8 7,167 15,448.4
2000 2,290 4,551.0 687.4 1,772.2 554.8 308.5 2,161.1 12,3252 10,438 22,762.9
90-00
AAI % n/a 10% 2% 15% -10% -6% 17% 9% -8% -3%
Product Imports by Product
Other Total Total
LPG Mogas Naphtha Kerosene Diesel Fuel Oil  Prods* Products Crude Oil
1990 150.5 154.7 14.2 0.5 2,250.8 636.9 142.8 3,350.4 2,923  6,273.1
1991 269.0 108.0 0.0 26.2 3,196.3 1,163.6 88.4 4,851.5 5972 10,823.9
1992 330.8 330.9 13.6 156.3 5,012.2 2,020.7 258.9 8,123.4 11,360 19,483.4
1993 647.5 2,184.6 270.9 536.7 9,401.0 4,564.0 5349 18,139.6 15,640 33,779.6
1994 1,407.7 1,053.2 426.8 275.8 6,238.7 4,624.7 3341 14,361.0 12,346 26,707.0
1995 2,358.1 158.7 416.6 761.3 6,122.6 6,591.4 572.8 16,981.5 17,090 34,0714
1996 3,692.0 79.1 521.6 743.6 4,625.0 8,540.1 7233 18,9247 22,617 41,541.6
1997 3,586.8 84.3 810.6 1,380.7 7,429.5 12,671.8 961.7 26,9254 35470 62,3954
1998 4,784.7 14.9 738.6 1,261.6 3,032.9 15,304.8  1,181.7 26,319.2 26,802 53,120.9
1999 5,542.6 0.0 3723 2,111.9 310.6 14,0623  1,691.8 24,091.5 36,613 60,704.5
2000 4,817.5 0.3 122.5 2,254.8 259.4 14,227.7  1,592.7  23,275.0 70,134 93,409.3
90-00
AAI % 41% -46% 24% > 53% -19% 36% 27% 21% 37% 31%

*includes lubes, paraftin, asphalt, petroleum coke, liquid paraffin

Source: Sinopec, citing China Customs Statistics

The nature of China’s oil trade has shifted over the last decade. In the early 1990s, China
continued to maximize export earnings through the export of crude oil and products, par-
ticularly gasoline and diesel. As demand continued to rise and domestic refinery capacity



expanded, increasing amounts of crude oil were shifted from the export market to domes-
tic use in China’s own refineries. Similarly, exports of gasoline and diesel began a
downward trend. At the same time, however, exports of “other” products, particularly
paraffin, liquid paraffin, and petroleum coke expanded, offsetting some of the revenue
decline from lower crude, gasoline, and diesel exports.

In the late 1990s, however, as refinery runs grew and the supply of petroleum products
increased, China once again was able to increase the export of products, while crude oil
exports continued to decline sharply. Currently, China’s output of gasoline exceeds do-
mestic consumption by nearly 5 million tonnes, and even exports of naphtha have re-
bounded from the zero level prompted by shortfalls in the product in 1998. Overall, ex-
ports of products grew during the 1990s, but total oil exports declined as cut-backs in
crude exports more than offset the increase in product exports.

There occurred an important shift in the nature of crude oil imports during the 1990s. As
China’s refineries were designed and built to process China’s domestic low-sulfur waxy
crude, early crude imports were of crude types that were similar in sulfur content and
quality to those available domestically. The import of higher-sulfur crudes were quite
limited, as few refineries had the appropriate equipment needed to process higher-sulfur
grades. As seen in Table 4, of the 15.7 million tonnes of crude imported in 1993, only 2%
fell into a higher-sulfur category. The primary suppliers were Indonesia, producer of a
low-sulfur waxy crude similar to Daqing, and Oman, producer of a low-sulfur light grade
in the Middle East.

Table 4. Crude Imports by Source, 1993, 1999

(tonnes)

1993 1999 1993 share 1999 share
North Sea 188,618 4,205,958 1% 11%
North Africa 708,352 535,479 5% 1%
West Africa 1,421,430 6,347,476 9% 17%
Middle East 6,598,696 16,903,865 42% 46%

Middle East

Higher Sulfur 282,654 7,750,857 2% 21%
SE/Australasia 6,511,115 6,821,213 42% 19%
N/S America/Others 229,071 736,613 1% 2%
Former Soviet Union 13,923 1,063,084 0% 3%
Total 15,671,205 36,613,688 100% 100%

Source: China Customs Statistics Yearbook, 1994 and 2000

Through a program of revamping and expansion of existing refineries, particularly the
coastal refineries of Maoming, Guangzhou, Fujian, Zhenhai, Gaoqgiao and Qilu, China, by
1999, had significantly expanded capacity to process and treat higher sulfur crude oil. In
that year, 21% of the import slate was higher-sulfur crudes such as Saudi and Iranian
Light, Iraqi, and Kuwaiti crudes. Nonetheless, this represented just 4% of total crude runs

in that year.



1.1.4. Consumption

In the 1990s, oil consumption in China nearly doubled, rising from 109 million tonnes in
1990 to 203 million tonnes in 1999 (Table 5). The average 7.1%-per-year average growth
over this period masks substantial differences in the demand trends for various products.
Highest among these was LPG, which recorded an average 19% per year growth in the
1990s as it became a favored fuel in urban households to replace coal used for cooking
and heating water. As the heavy nature of Chinese crude results in only low refinery
yields of LPG (around 2%), expansion of the use of this fuel required substantial imports.
By 1999, 46% of China’s LPG consumption came from import sources, the highest ex-
ternal dependency for any oil product.

Table 5. Total Oil Consumption

(million tonnes)

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 AAI
LPG 2.53 3.01 3.57 5.00 5.70 7.49 9.30 10.10 11.86 12.07 | 19.0%
Gasoline 19.00 22,10  25.10  28.78 2697  29.10 31.82 33.12 3329 3381  6.6%
Kerosene 3.51 3.85 4.18 4.26 4.52 5.12 5.56 6.82 6.71 8.24 | 10.0%
Diesel 2692 29.75 33.73 39.48 38.03 43.21 46.91 5291 52.83 6232 9.8%
Fuel Oil 33.68  35.09 34.22 38.03 3595 3694 3564 36.72 3793 39.02  1.6%
Crude Oil* 5.48 4.61 4.27 4.89 5.05 3.76 5.71 5.72 6.18 6.11 1.2%
Other Prods** 18.25 1996  20.74  20.87 26.52  29.25 35.09 4252 4397 4130 9.5%
Total Oil 109.35 11836 125.80  141.31 142.74  154.87 170.03 = 187.90 192.76 202.87  7.1%

*excluding refining throughput
**includes lubes, asphalt, petroleum coke, and petrochemical feedstocks (naphtha and gasoil)
Note: Total Oil figures exclude losses.

Recording the second highest growth rate was kerosene, at 10% per year over the last
decade. Even this high rate of growth subsumed two widely varying developments: the
relative decline of lamp kerosene consumption and the explosive growth of jet fuel con-
sumption. In 1990, about 21% of kerosene consumption was jet fuel; by 1999, 61% was
jet fuel—a 20% per year rate of increase. In contrast, lamp kerosene consumption re-
mained fairly stable, growing at only 2.4% per year between 1990 and 1999 as a result of
increased industrial use, while residential use continued its decline and further displace-
ment by other fuels.

The third fastest growing product was diesel, averaging nearly 10% a year growth during
the 1990s. Diesel has four key applications in China as an industrial fuel, for transport, in
agriculture, and for power generation. Although shortcomings in China’s energy statisti-
cal system do prevent an accurate breakdown of diesel use by sector (see “Transport Fu-
els” below for additional discussion), even official statistics show that “transport” use of
diesel has expanded at over 13% a year during the decade, compared to just 4% per year
growth in agricultural use. Consumption for industrial use has remained strong as well, at
9% per year in the 1990s, and use in power plants has steadily grown at over 6% a year.



Much of the diesel used for power generation is in small fairly inefficient units, but they
play an important role in maintaining steady power supply in some areas.

Another fast growing product in the 1990s was “other products”, or the aggregate volume
of lubes, asphalt, petroleum coke, and petrochemical feedstock (called “light oil for the
chemical industry” in China). Nearly half of this volume is petrochemical feedstocks,
which grew at a very rapid pace as China’s domestic ethylene production capacity grew
through expansion of existing units and construction of new ethylene crackers. From 2.23
million tonnes in 1993, total capacity nationwide grew to 4.42 million tonnes in 2000,
requiring some 18 million tonnes of feedstock. In contrast, demand for ethylene is ex-
pected to reach 15 million tonnes by 2005, tying China in the near term to large scale im-
ports of plastics from the international market.

Historically, China used primarily the gasoil fraction from distillation as ethylene feed-
stock, but as cracker scales were small (generally around 200,000 tonnes/year) and the
feedstock fairly heavy, yields were low, often in the 20-23% range. With modernization,
China has steadily increased the scale of its crackers to 450,000 and 600,000 tonnes/year
and has increasingly shifted to lighter naphtha as a feedstock to increase ethylene yields.
In the future, China expects ethylene crackers to be primarily naphtha-based, implying
continued high rates of demand growth for this product.

On average, gasoline demand increased rapidly in the 1990s but slowed in 1998 and
1999, reaching about 34 million tonnes in 1999. Owing to the slower growth in gasoline
demand, the gasoline/diesel ratio of production began to decline in the late 1990s after
steadily increasing for 15 years. Sinopec targeted an output ratio close to 1:1, hoping to
keep refinery production in balance and use its extensive catalytic cracking capacity for
gasoline production, as the cycle oil from these units run in diesel maximizing mode is
fairly low quality. In 1993, the ratio reached its peak at 0.89:1. By 1999, however, it had
dropped to 0.59:1, the same as in 1980. In 2000, diesel output surged even further, drop-
ping the ratio to 0.58:1.

Least growth in the last decade was seen in fuel oil and crude oil direct use, with both
growing at less than 2% a year during this period. Direct burning of fuel oil and crude oil
has been constrained by government policy encouraging the use of coal as a boiler fuel
wherever feasible. As a result, the proportion of fuel oil and crude oil burned directly in
boilers has declined from 36% of total oil consumption in 1990 to 22% in 1999. Some
applications, such as glassmaking and ceramics, cannot easily use coal and continue to
prefer fuel oil, while in the South, where coal transport costs are high, use of fuel oil in
power plants is still permitted, and many of these fuel-oil fired power plants provide
valuable peak-load service. Currently, about 25% of fuel oil is used in power plants.

1.1.5. Transport Fuels: Gasoline and Diesel

The structure of China’s energy statistics makes it difficult to ascertain the actual volume
of fuels used for transport purposes. Continuing a classification scheme developed during
the Soviet-influenced period of emphasizing material balances in the economy, statisti-
cians classify gasoline and diesel consumption into the sectors responsible for their con-



sumption, not the nature of the consumption. As a result, for example, gasoline consump-
tion, which normally would be nearly completely for transportation purposes, is divided
among agricultural, industrial, commercial, transport, construction, and residential sectors
for the purposes of reporting. In this classification scheme, “transport” consumption in-
cludes only that volume used by transportation companies assigned to the transport sector
of the economy. Transport consumption by factory delivery trucks, for example, remains
in the industrial sector.

Without adjusting the numbers to account for “true” transportation usage, transport fuel
demand in China appears fairly low compared to other countries at a similar stage of de-
velopment. On an unadjusted basis, transport demand for gasoline and diesel accounted
for just 12% of total oil demand in 1990, rising to 17% in 1999. Adjusting the figures in-
volves certain assumptions owing to a lack of appropriate survey data to base the adjust-
ment on. For gasoline, it is safe to assume that nearly all gasoline is used in vehicle in
transportation uses, although a small amount may be used for solvents and other non-
energy purposes. In 1999, China recorded 86,000 tonnes of gasoline used for such pur-
poses out of a total 33.8 million tonnes of gasoline consumption, or just 0.3% of the total.
Basically, all gasoline consumption can be assumed to be for transportation.

For diesel fuel, the situation is more complex as diesel serves a number of transformation
and end-use purposes. In agriculture, for example, diesel use in “walking tractors” used to
transport goods and people (often the most common rural form of transportation) should
be counted as transportation use. In industry and commerce as well, a certain proportion
of recorded diesel use is likely used in trucks and other conveyances and should be classi-
fied as transportation use. Only in power generation is it unlikely that the diesel fuel is
used for other purposes. Although no hard data exists to calculate these proportions, some
surveys taken in the early 1990s, and subsequent surveys by Sinopec can help estimate
what a “true” transportation number should be. These adjustments include: 20% of agri-
cultural diesel, 10% of industrial diesel, and 12% of commercial diesel to derive a new
transportation diesel figure. Table 6 summarizes these adjustments for gasoline and die-
sel, and provides a rebased volume of gasoline and diesel fuel for transport usage.

Table 6. Gasoline and Diesel Transportation Use

(million tonnes)

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
Gasoline
Official Transport 6.20 7.04 8.08 8.37 9.00 9.82 9.91 11.83 12.17 12.66
Adjusted Transport 18.99 22.09 25.09 28.78 26.96 29.09 31.82 33.11 33.29 33.80
Adj % of Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Diesel
Official Transport 7.09 7.60 8.28 10.02 9.98 12.47 12.61 13.80 19.02 22.22
Adjusted Transport 9.75 10.40 11.28 13.57 13.47 16.32 16.84 18.08 23.31 27.28
Adj. % of Total 38% 38% 37% 38% 38% 40% 38% 40% 46% 45%
Total
Official Transport 13.30 14.64 16.35 18.40 18.98 22.29 22.52 25.63 31.19 34.87

10



Adjusted Transport 2874 3249 3638 4234 4043 45.41 48.65 51.19 56.60  61.08

Total Oil 109.35 11836 125.80 141.31 142.74 154.87 170.03 187.90 192.76 202.87
Consumption*
Official Transport as 12% 12% 13% 13% 13% 14% 13% 14% 16% 17%

% of Total Oil
Adjusted Transport as 26% 27% 29% 30% 28% 29% 29% 27% 29% 30%
% of Total Oil

Although the assumptions used to recalculate transport diesel demand do not likely hold
true over the entire decade, the result of the calculation 1999 accords closely with the re-
sult of Sinopec’s own investigation, which estimates diesel transport use as 45% of total
diesel in 2000, rising to 48% in 2005 and 52% by 2010.

1.1.6. Product Specifications

Growing concern over the environmental impact of rising oil consumption underlay in
part the investment in new refining technologies and supported the revision of product
specifications over the last decade. During the 1990s, focus has been on increasing
octane, eliminating lead, and reducing allowable sulfur content. For diesel fuel, focus has
been on improving cetane and reducing allowable sulfur.

Table 7 provides a simplified summary of the evolution of Chinese product specifications
during the last decade. National specifications for petroleum products are issued by the
State Bureau of Quality and Technical Supervision (SBQTS, now State Administration
for Quality, Supervision, Inspection, and Quarantine, or AQSIQ). Mandatory standards
issued by AQSIQ carry the designation of GB (guo biao [E#5), indicating a national
standard. Other parallel standards do exist, including standards developed by the refining
sector itself that carry the prefix designation of SH (shi hua 414), indicating a standard
developed by and for the petrochemical industrial, or a QB (gi biao {~#5), indicating a
standard developed by industry for specific enterprises, often in conjunction with major
customers. The standards listed in Table 7 include only the major GB standards; the old
70 MON gasoline standard, for example, was an SH standard, and has been largely
phased out of use and production.

Table 7. Recent Developments in Chinese Gasoline and Diesel Specifications
Leaded Gasoline

1993 2000
Octane RON min 90 93 97 90 93 97
Lead g/l max 0.35 0.45 0.45
Sulfur ppm max 1500 1500 1500 (abolished)
Olefins % ns ns Ns
Benzene % ns ns Ns
Oxygenates % ns ns Ns
Standard No. GB484-93
Unleaded Gasoline
1993 2000/2003

11



Octane RON min 90 93 95 90 93 95

Lead g/l max 0.013 0.013 0.013 0.005 0.005 0.005
Sulfur ppm max 1500 1500 1500 800 800 800
Olefins % max ns ns Ns 35 35 35
Aromatics % max ns ns Ns 40 40 40
Benzene % max ns ns Ns 2.5 2.5 2.5
Oxygenates % min ns ns Ns 2.7 2.7 2.7
Standard No. SH0041-93 GB 17930-99

Diesel (zero-degree pour only)

1994 2002
Grade Premium First Qualified Premium First Qualified
Cetane 45 45 45 45
Sulfur ppm max 2000 5000 10,000 2000 (abolished)
T95 °C max 365 365 365 365
Standard No. GB252-94 GB252-00

Note: Grades of light diesel fuel produced from intermediate base crudes or containing FCC fractions
can have a cetane number of no less than 40.
ns=no specification

The old specifications for leaded gasoline were abolished in 2000. Unleaded gasoline
specifications were revised in 1999 for implementation in the major cities of Beijing,
Shanghai and Guangzhou in July 2000. The number of grades covered remained the
same, but the 97 RON grade from the 1993 standard was replaced by 95 RON grade. This
standard is to be implemented nationwide at the beginning of 2003. Compared to the
1993 standard, allowable sulfur has been reduced by 47% and new controls were placed
on allowable content of olefins, benzene and aromatics. Given the high degree of reliance
on FCC and RCC units for gasoline production and the relatively low volume of refor-
mate blended into gasoline, it is likely that the olefin constraint became the most binding
on refiners.

For diesel fuel, the table shows the specifications for only the zero-degree-Celsius pour-
point grade of light diesel fuel, which is the most common of the various grades produced
in China. Following the old Soviet classification system, diesel fuel is graded by pour
point, or the minimum temperature at which the fuel will flow easily and ignite. Others
include -50, -35, -20, -10, and +10. Until the new specification went into effect in 2002,
each pour point grade of diesel fuel was further classified by allowable sulfur content into
premium (gaoji 12K, first level, or “super” (yiji —%2%), and qualified (hege & #%). These
distinctions were abolished in the new specification and the more restrictive sulfur speci-
fication of the premium grade adopted for all pour-point grades. Cetane specifications
were not raised in the new standard, but the 1994 standard allowed a fairly large exemp-
tion of 40 cetane minimum for diesel produced from intermediate base crudes and con-
taining FCC cycle oil as a blendstock. Given the relatively low volume of hydrocracking
capacity in China, FCC cycle oil has traditionally been a substantial blendstock in light
diesel production. The new standard restricts this by excluding the FCC cycle oil diesels
from this exception.
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China plans to further tighten quality standards for gasoline and diesel. According to
Sinopec, allowable sulfur in gasoline will be reduced to 200 ppm for gasoline supplied to
Beijing, Shanghai and Guangzhou beginning in January 2003 and perhaps to the rest of
the country by 2008 (Q/SHR007-2000 “Urban Vehicle Gasoline™). In this proposed revi-
sion, allowable olefin content will be further reduced to 30% by volume and the com-
bined volume of olefins and aromatics to not more than 60%. Sinopec also plans to re-
duce the allowable sulfur content of gasoline supplied to Beijing during the 2008 Olym-
pics to no more than 30 ppm.

Similarly, Sinopec plans to reduce the allowable sulfur in diesel fuel supplied to Beijing,
Shanghai and Guangzhou to no more than 300 ppm and raise cetane to a minimum of 50
beginning in 2003 (Q/SHR008-2000 “Urban Vehicle Diesel”), while the rest of the coun-
try may see a reduction in allowable sulfur to 500 ppm but without a change in cetane
standard. By 2008, Beijing (and perhaps Shanghai and Guangzhou) may be supplied with
diesel fuel of 30 ppm allowable sulfur and 53-55 minimum cetane.

1.2. Current Challenges

China is committed to increasing the quality of petroleum products, but the industry faces
two broad challenges to achieving this goal. One broad area of challenge is the near-term
feedstock and technology issues related to tightening specifications on products produced
from China’s ‘traditional’ crude slate of heavy low-sulfur domestic crudes. The second,
longer-term area of challenge is the technology and feedstock issues related to the main-
tenance or further tightening of product quality standards—particularly sulfur—in the
face of the inevitable rise in the proportion of higher-sulfur imported crudes in China’s
processing slate.

The technical base of China’s refineries reflects both the nature of China’s domestic
crude supply as well as the variety and volume of products demanded by consumers; the
system is operated primarily to produce gasoline, diesel, and petrochemical feedstocks
(gasoil and naphtha). The primary upgrading technology for the production of gasoline
and diesel is fluid catalytic cracking (FCC) and resid fluid catalytic cracking (RFCC),
total capacity of which is equivalent to about 35% of distillation capacity. FCC and
RFCC units can be operated in various modes to either maximize a low-octane naphtha
stream for gasoline blending, or to maximize a low-cetane cycle oil stream for diesel
blending. A typical blendstock added to FCC naphtha to achieve the higher octane fin-
ished gasoline is reformate, produced from naphtha processed in reformers, but in China,
reformers have traditionally been used as the source of benzene, toluene and xylenes
(BTX) for the petrochemical industry in the production of plastics, fibers and other
chemicals. These components of reformate are the source of the high octane value of re-
formate; after extraction, however, the resultant raffinate has little gasoline octane blend-
ing value. Although historically up to 80% of reformer capacity was dedicated for petro-
chemical feedstock production, new reformer capacity installed in the 1990s has allowed
refiners to make increasing use of reformate for gasoline blending. Nonetheless, 80% of
the gasoline blending pool today still consists of FCC naphtha.
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Coking is heavily used to upgrade the ‘bottom’ of the barrel. Bottoms upgrading is neces-
sary because the heavy nature of Chinese crudes results in high yields of fuel oil on pri-
mary distillation (generally 55% or more), and relatively low yields of light and middle
distillates. Consequently, most final products contain substantial proportions of cracked
materials, which are generally of lower quality than straight-run feedstocks. With regard
to product quality and specifications, the system thus faces a number of challenges, as
summarized in Table 8.

Table 8: Quality Issues Related to China’s Current Processing Configuration

Specification Challenge Technology Options and New Ap-
proaches to Blending
Sulfur High sulfur levels in diesel and fuel | o  Increase desulfurization capacity
oil; 1% S average in 40% of diesel; | o Expand hydrogen production
insufficient desulfurization capac- | ¢«  Emerging technologies: catalytic
ity; high cost of hydrogen distillation
e Dilution via zero-sulfur blendstock
Octane Insufficient octane blending mate- | e Increase reformer capacity
rials to completely eliminate 70 e Raise alkylation unit utilization
MON gasolipe and produce higher | ¢ Expand oxygenate production
octane gasolines. e Increase FCC capacity
e Increase isomerization capacity
e Use ORI (octane requirement in-
crease) controllers (combustion
chamber deposit [CCD] additives)
Lead Alternatives in short supply; feed- | e Increase reformer capacity
stock gases for alkylation diverted | e Raise alkylation unit utilization
to petrochemical use; no large- e Expand oxygenate production
scale oxygenate production; aro- e Increase FCC capacity
matics extracted frqm most refor- | ¢ [pcrease isomerization capacity
mate for petrochemical use e Use ORI (octane requirement in-
crease) controllers (combustion
chamber deposit [CCD] additives)
Reid Vapor Need to reduce evaporative loss e Increase gas fractionation capacity
Pressure (debutanization)
e Adjust distillation range
Cetane Low cetanes from heavy reliance e Increase hydrotreating capacity
on FCC cycle oil as blend stock; e Increase hydrocracking capacity
limited SR middle distillate yield; | ¢ Install hydrodearomatization
insufficient hydrotreating and hy- (HDA) (Synsat/Synshift)
drocracking capacity e Expand use of cetane additives
Smoke Diesel deficit leads to yield maxi- | ¢ Reduce T95 temperature
mization from deep cutting; high | e Increase hydrotreating capacity
percentage of FCC cycle oilin fi- | o  Increase hydrocracking capacity
nal product. e Install hydrodearomatization
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Specification Challenge Technology Options and New Ap-
proaches to Blending
(HDA)
e C(Create urban diesel blend
Aromatics Currently at fairly low levels in e Limit reformate use in gasoline

gasoline owing to reformate short-
age; potentially larger problem; at

high levels in diesel from reliance

on FCC cycle oil, adding to smoke
problem.

blend
e Raise alkylation unit utilization
e Expand oxygenate production
e Increase deep hydrotreating capac-

1ty
e Increase hydrocracking capacity

e Install hydrodearomatization

Solutions for many of these technical challenges are achievable though increased invest-
ment in the sector, and China has indeed focused investment in the last few years on up-
grading existing refineries and has generally disallowed the establishment of new grass-
roots refineries. Progress has been hampered by an even greater investment focus—and
greater perceived urgency—on the petrochemical segment, which produces basic petro-
chemical products such as polyethylene and polystyrene, for which China has become
over 50% import-dependent. With the restructuring of the sector in 1998, investment by
the oil companies in marketing rose dramatically, offsetting investment in refining.
Sinopec, for example, raised investment in marketing from ¥2.1 billion (US$256 million)
in 1998 to ¥16.1 billion (US$1.96 billion) in 2000, while investment in refining fell from
¥10.8 billion (US$1.3 billion) to ¥5.5 billion (US$670 million) over the same period.

This slow-down and decline in refinery investment raises some question about China’s
ability to respond effectively to the second and longer term challenge to the refining in-
dustry and its ability to further tighten product quality standards to meet environmental
goals. Since becoming a net importer of oil in 1993, imports of crude oil alone have risen
dramatically, reaching 70 million tonnes (1.4 million b/d) in 2000. By 2005, imports are
projected to reach at least 95 million tonnes (1.9 million b/d) and at least 108 million ton-
nes (2.16 million b/d) or more by 2010. Given the limited ability of China’s refining in-
frastructure to handle and process high-sulfur crudes such as Arab Light or Iranian Light
common on the international export market, China has to date relied on a judicious selec-
tion of lower sulfur crudes for import from countries such as Indonesia, Malaysia, Papua
New Guinea, Oman, Angola, Libya, and even at times from the North Sea. With the vol-
ume of imports growing, China’s own purchasing pattern has even had an impact on the
international market; the higher demand for scarcer low-sulfur crudes has at times wid-
ened the price differential with higher-sulfur grades. Nonetheless, in recognition that
long-term supply stability requires dependence on the major Middle Eastern producers,
China has begun to convert selected coastal refineries to process higher-sulfur grades,
including refineries at Maoming, Guangzhou, Zhenhai, Shanghai, Jinling, and Qilu. Cur-
rently, total primary distillation capacity designed to handle higher sulfur crudes is about
19 million tonnes and about 7 million tonnes higher sulfur crudes were actually processed
in 1999.
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Conversion of refineries for handling higher sulfur crudes involves, first, replacement of
the ‘soft’ steel in distillation units, piping, and other equipment exposed directly the cor-
rosive impact of the sulfur compounds in the crude and intermediate streams. Second, to
reduce the sulfur content in final products to meet even current specification require-
ments, additional hydrotreating and hydrodesulfurization units will be necessary, both of
which require large volumes of hydrogen for operation. As most imported crudes yield
larger volumes of light and middle distillates from primary distillation compared to Chi-
nese crudes, less upgrading of bottoms will be necessary, and new blending recipels may
help improve the quality of final products. It is unclear, though, whether the current plans
to expand capacity of high-sulfur-crude processing will at the same time allow even fur-
ther tightening of quality specifications in other areas of environmental concern, particu-
larly in the areas of low and ultra-low sulfur diesel, higher octane gasoline without the
use of lead-based additives, lower smoke and higher cetane in diesel. The capital-
intensive nature of refining requires that the national oil companies mobilize substantial
budgetary resources to achieve a number of parallel and competing goals: expansion of
refinery upgrading units; conversion to high-sulfur processing; and expansion of petro-
chemical processing capacity as well as of the supply of petrochemical feedstock. This
provides further uncertainty with regard to the state companies’ ability to achieve yet an-
other goal: that of producing cleaner fuels to reduce environmental emissions.

1.3. What is the Question?

This study investigates the question, what are China’s refining options in light of a future
of changing gasoline and diesel quality specifications? China has plans to harmonize its
gasoline and diesel fuel specifications with European standards, generally lagging by a
few years the European adoption schedule. A key hypothesis of the study is that the ex-
isting capital plant and the refinery technology in place will not be adequate to produce a
full output slate of these cleaner-burning fuels, particularly in light of rapid growth in
domestic demand. This is so despite the rapid expansion of the Chinese refining industry
over the past decade. With the need for further investments looming on the horizon, Chi-
nese refiners already have set a number of expansion and modernization plans in motion.
Part of our goal with this work is to identify the technologies needed and the levels of
investment that will be required under a set of future scenarios wherein gasoline and die-
sel specifications are successively tightened. Because refinery expansion plans already
are underway, there may be opportunities to plan modernization in phases, or to jointly
plan units so as to achieve advantageous feedstock relationships, or to plan larger units
that enjoy economies of scale. We explore the issue of how the Chinese refining industry
will adapt to change, how it might grow and invest, and how much it might cost to pro-
duce the new fuels.

2. Methodology

21. Basics of Linear Programming

Because the issue of refining and fuel reformulation in China must be assessed in a quan-
titative and systematic fashion, Trans-Energy Research Associates’ portion of the study
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of reformulated gasoline and diesel in China relies on linear programming, also known as
LP modeling or optimization modeling, as a key analytical methodology.

LP problems provide the optimal (often thought of as least-cost, highest-profit, or most
efficient) solution to systems of n equations in m variables, where m is larger than n.
Typically, there are infinite solutions to such a problem. Any solution is called a “feasi-
ble vector.” The goal is to find the “optimal feasible vector.” Performing the search for
the optimal feasible vector on a trial-and-error basis would take so long as to make most
refinery problems insoluble. Consider the following simple example of crude slate selec-
tion:

Purchase a crude slate that provides a minimum of 100 kb/d of naphtha and 100
kb/d of fuel oil from the following choices:

Crude 1 Crude 2 Crude 3
Cost $10/b Cost $15/b Cost $20/b
Naphtha Yield 10% 30% 50%
Middle Distillate Yield | 20% 30% 40%
Fuel Oil Yield 70% 40% 10%

It can be seen from this simple example that buying 1000 kb/d of crude 1 satisfies the
goal, with quite a bit of surplus fuel oil. Buying 333.4 kb/d of crude 2 also satisfies the
goal. Buying 1000 kb/d of crude 3 satisfies the goal with a great deal of surplus naphtha.
We could mix our purchases, buying 120 kb/d of crude 1 plus 180 kb/d of crude 3. If
cost is not a factor, we could dispense with the mathematics and simply purchase 1000
kb/d or more of any of these crudes. There are an infinite number of solutions, but
clearly some are much more efficient than others are. A simple problem like the one
above can be solved by hand, given a bit of time and perhaps a calculator, but real refin-
ing problems are much more complex. LPs find the most efficient solution set.

The main components of a linear programming problem are:

1. A set of n variables X1, X5, ...X,. These are sometimes called “activities”
in linear programming.
2. A function F(xi, Xa, ...x,) of the variables. F is linear, which means that it

can be written in the form F(xy, Xo, ...Xy) = C1X1+CoXo+...ChXp, Where the ¢; are constants.
F is called the “objective function.”

3. A set of linear (in)equalities relating to the n variables. These are called
the “constraints” in the LP problem. The ith constraint may be written aj;x; + apx, + ...
+ ainXn < b; . Each a;; and b; is a constant. In some cases, the inequality may be >, but this
is just a sign change, and in some cases the constraint may be an equality. The b; are re-
ferred to as the “right hand side,” or RHS of the constraint.

4. A requirement that each x; be positive, x; > 0
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Given the definitions above, the linear programming problem is:
Maximize f(x) subject to

a;1X; +apXs + ... T apX, < b; fori=1...m and

xj>0 for j=1...n

The first algorithm for solving LPs in a systematic fashion was published by G.B.
Dantzig in 1948. More efficient variations of Dantzig’s algorithm were developed there-
after, and the most common technique now used is the Revised Simplex Algorithm. This
algorithm has been implemented on mainframes and desktop personal computers. Trans-
Energy Research Associates, Inc., builds and operates its own LP models.

The overall cost of the solution is tracked in the model’s objective function (OBJ.) The
model output will show the solutions to each equation and variable. For example, the
equation and variables showing crude purchases will show the volume of each crude pur-
chased and the total amount spent. The amount of catalytic cracking activity will be
shown as the volume of cat cracker feed loaded onto the cat cracking process vector. Di-
viding the volume of feed by the cat cracker capacity provides the unit’s utilization rate
(e.g., 25 kb/d of feed to a 30 kb/d cat cracker indicates around 83% utilization.)

2.2, Linear Programming and Petroleum Refining

One of the principal reasons the Trans-Energy/LBL/CPCC team has selected the LP ap-
proach is that LPs are the most commonly used methodology for refinery modeling, and
for good reason. In an LP, the columns or variables typically represent actual processes
in the refinery, and are more firmly grounded in reality than more theoretical, macro
models.

For example, there will be a column representing the atmospheric distillation of, say,
Daging crude. The total volume of this crude may vary, but the activity on the column,
which also is the value of the variable for the model run, is the total volume of Daqing (or
Daging-type crude, which could also include similar crude streams) used. The sum of
loading on all of the crude vectors will amount to total Chinese refinery inputs of crude
by type. When tracking refinery unit utilization, there will be a column (or columns) rep-
resenting downstream refinery units, such as catalytic cracking units. The loading on
these columns will represent the actual amount of feed moving through the cat crackers,
which when divided by the capacity will yield the utilization rate.

The equations in an LP often make intuitive sense. For example, the equation represent-
ing diesel production may be something along the lines of:

Diesel supp